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ABSTRACT
We present a study of the largest available sample of near-infrared selected (i.e., stellar mass selected)
dynamically close pairs of galaxies at low redshifts (z < 0.3). We combine this sample with new
estimates of the major-merger pair fraction for stellar mass selected galaxies at z < 0.8, from the
Red Sequence Cluster Survey (RCS1). We construct our low-redshift K−band selected sample using
photometry from the UKIRT Infrared Deep Sky Survey (UKIDSS) and the Two Micron All Sky
Survey (2MASS) in the K−band (∼ 2.2 µm). Combined with all available spectroscopy, our K−band
selected sample contains ∼ 250, 000 galaxies and is > 90% spectroscopically complete. The depth and
large volume of this sample allow us to investigate the low-redshift pair fraction and merger rate of
galaxies over a wide range in K−band luminosity. We find the major-merger pair fraction to be flat
at ∼ 2% as a function of K−band luminosity for galaxies in the range 108 − 1012L⊙, in contrast to
recent results from studies in the local group that find a substantially higher low-mass pair fraction.
This low-redshift major-merger pair fraction is ∼ 40−50% higher than previous estimates drawn from
K−band samples, which were based on 2MASS photometry alone. Combining with the RCS1 sample
we find a much flatter evolution (m = 0.7 ± 0.1), in the relation fpair ∝ (1 + z)m, than indicated in
many previous studies. These results indicate that a typical L ∼ L∗ galaxy has undergone ∼ 0.2− 0.8
major mergers since z = 1 (depending on the assumptions of merger timescale and percentage of pairs
that actually merge).
Subject headings: cosmology: observations — galaxies: fundamental parameters
1. INTRODUCTION
The galaxy major-merger rate and its evolution are
important quantities for theories of galaxy formation.
In hierarchical cold dark matter models that include
a cosmological constant (ΛCDM models), galaxies are
expected to accrete most of their stellar mass via
mergers, with at least 50% of the total stellar mass
growth occurring at z < 1 (De Lucia et al. 2006;
De Lucia & Blaizot 2007). Major mergers should have a
profound influence on galaxy properties such as morphol-
ogy, star formation rate, and nuclear activity, among oth-
ers (e.g., Toomre & Toomre 1972; Heckman et al. 1986;
Sanders et al. 1988). In particular, mergers and in-
teractions are implicated in the transformation of field
galaxies, which are typically disk-dominated, blue, and
star-forming, into cluster galaxies, which are typically
bulge dominated, red, and quiescent (Bell et al. 2004;
Faber et al. 2007; Brown et al. 2007; Heiderman et al.
2009).
The evolution of the major-merger rate is commonly
characterized via a determination of the fraction of galax-
ies in bound pairs as a function of redshift, which is
parameterized as fpair ∝ (1 + z)m. Studies seeking to
understand the evolution of the galaxy merger rate have
arrived at values for the exponent spanning a wide range
(0 < m < 5, e.g., Lin et al. 2004, 2008; Kartaltepe et al.
2007; de Ravel et al. 2009), and thus, the redshift evolu-
tion of the merger rate remains largely unconstrained. In
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recent review, Conselice (2014) gives a detailed overview
of the various discrepancies between studies and their
likely origins. Some of these discrepancies are due to dif-
ferent selection methods or different criteria for identi-
fying merger candidates, but sample variance, redshift
incompleteness, and other biases may also be playing
a role. Simulations suggest that the dark matter halo
merger rate should evolve with an exponent of m ≈ 2−3
(Gottlo¨ber et al. 2001; Fakhouri & Ma 2008; Genel et al.
2009; Fakhouri et al. 2010). However, translating the
halo merger rate into the merger rate observed for galax-
ies, given particular selection criteria and methods, is not
straightforward (Lotz et al. 2011).
In general, the two ways of identifying mergers in a
sample of galaxies are either to select physically close
pairs of galaxies, or galaxies that appear morphologically
disturbed. While a pair selection tends to identify early
stage mergers, a selection by morphology identifies late
stage mergers or post-merger galaxies. Here, we elect
to focus on close pairs of galaxies that can be classified
as major mergers (defined here as a maximum luminos-
ity ratio of Lprimary/Lsecondary < 10
0.4), given that the
pair fraction of such systems is one of the best prox-
ies for the halo merger rate measured in CDM models
(Genel et al. 2009). We also compare with the catalog of
merging galaxies selected morphologically in the Galaxy
Zoo project by Darg et al. (2010a) to quantify how very
close projected pairs may be missed in our selection.
Dynamically close pairs of galaxies are those having a
projected separation on the sky and line of sight velocity
difference such that they have a significant probability
of being a bound system. Typical selection criteria for
such pairs are a projected separation of < 20 h−1 kpc
2and velocity difference of < 500 km s−1 (Patton et al.
1997, 2000, 2002; Xu et al. 2004; De Propris et al. 2005,
2007, 2010; Kartaltepe et al. 2007; Patton & Atfield
2008; Xu et al. 2012). Simulations have shown that
the vast majority of pairs meeting these criteria will
merge on timescales of < 1 Gyr (Boylan-Kolchin et al.
2008; Kitzbichler & White 2008; Jian et al. 2012). Other
groups have used different selection criteria, includ-
ing wider projected separation or larger velocity dif-
ference, as well as including consideration of morphol-
ogy or the two-point correlation function (Fried 1988;
Xu & Sulentic 1991; Le Fe`vre et al. 2000; Lin et al.
2004, 2007, 2008, 2010; Bell et al. 2006; Li et al. 2008;
Domingue et al. 2009; Robaina et al. 2010; Darg et al.
2010a,b; Ellison et al. 2008, 2011, 2013a,b; Scudder et al.
2012; Patton et al. 2011, 2013; Satyapal et al. 2014).
Here we identify dynamically close pairs from flux lim-
ited samples selected in the K−band (2.2 µm) using
photometry from the UKIRT Infrared Deep Sky Large
Area Survey (UKIDSS-LAS, Lawrence et al. 2007) and
the Two Micron All Sky Survey Extended Source Cata-
log (2MASS-XSC; Skrutskie et al. 2006). Such a sample
is effectively stellar mass selected, because near-infrared
(NIR) luminosity is well correlated with stellar mass
(Gavazzi et al. 1996; de Jong 1996; Bell & de Jong 2001;
Bell et al. 2003; Kirby et al. 2008). In this study, we
consider various quantities, such as the pair fraction and
merger rate, in terms of K−band luminosity rather than
stellar mass, but the standard practice to convert NIR lu-
minosity to stellar mass simply involves applying a single
conversion factor for all galaxies based on the assump-
tion of a particular stellar initial mass function and star
formation history (e.g., Domingue et al. 2009; Xu et al.
2012).
The combination of NIR photometry with all publicly
available spectroscopy allows us to construct a stellar
mass selected sample with both the depth and area on
the sky to measure the major-merger pair fraction in
galaxies over a wide range in stellar mass. We combine
this sample with a stellar mass selected sample from the
Red Sequence Cluster Survey (RCS1, Gladders & Yee
2005) to investigate the evolution of the pair fraction
of L ∼ L∗ (1011 L⊙) galaxies at z < 0.8.
On the faint end of our NIR selected sample, we can
probe down to luminosities of a few times 108 L⊙, or
roughly half the NIR luminosity of the Large Magel-
lenic Cloud, out to distances of ∼ 50 Mpc. This is of
particular interest because recently, Fattahi et al. (2013)
showed that ∼ 30% of dwarf galaxies (stellar masses
M < 109.5 M⊙) in the local group reside in close pairs,
in which the galaxies are of comparable luminosity (less
than three magnitudes difference). They point out that
the expectation from ΛCDM models is that galaxy for-
mation efficiency should be reduced dramatically with
decreasing halo mass, such that on dwarf galaxy scales,
physical pairs of similar luminosity should be rare.
They go on to show that simulations predict the local
group dwarf pair fraction should be ∼ 4% (not exceed-
ing 12% in > 1000 realizations of the simulations). The
sample we consider here contains ∼ 1000 galaxies in the
mass range 108−109.5M⊙, which allows us to investigate
the incidence of pairs among dwarf galaxies in the local
universe.
We describe the sample selection in Section 2, the iden-
tification of galaxy pairs in Section 3, the calculation of
the pair fraction and merger rates in Section 4, and we
summarize in Section 5. All magnitudes given in this pa-
per are in the AB magnitude system (KAB = KVega+1.9,
Ks,AB = Ks,Vega+1.86), wheremAB = 23.9−2.5 log10(fν)
with fν in units of µJy. We assume a cosmology of
ΩM = 0.3,ΩΛ = 0.7, and H0 = 100h km s
−1 Mpc−1,
with h = 0.7 in our conversion of redshifts to distances.
We retain the “little h” in our projected separation cri-
terion (5 < rsep < 20 h
−1 kpc) for ease of comparison
with many previous studies.
2. SAMPLE SELECTION
The low-redshift samples we study here are drawn from
publicly available data and include NIR photometry from
UKIDSS and 2MASS combined with redshifts from a va-
riety of optical spectroscopic surveys. The coverage on
the sky of each of the subsamples is shown in Figure 1.
2.1. UKIDSS Sample
The UKIDSS-LAS contains NIR photometry in the
Y, J,H, and K−bands over ∼ 3000 square degrees
on the sky to a K−band depth of KAB ∼ 20.1.
UKIDSS uses the UKIRTWide Field Camera (WFCAM,
Casali et al. 2007). The photometric system is described
in Hewett et al. (2006), the calibration is described in
Hodgkin et al. (2009), and the pipeline processing and
archive are described in Hambly et al. (2008). Much of
the UKIDSS-LAS area coincides with the footprint of
the Sloan Digital Sky Survey (SDSS, York et al. 2000),
where spectroscopy of bright galaxies is highly complete.
We generated our wide-area UKIDSS sample by com-
bining photometry from data release 9 (DR9) of the
UKIDSS-LAS with redshifts from data release 10 (DR10)
of the SDSS, the Two-Degree Field Galaxy Redshift Sur-
vey (2DFGRS; Colless et al. 2001), and other publicly
available data. We selected only objects from areas on
the sky that had been imaged in all four UKIDSS band-
passes (to aid in star/galaxy separation), and where a
counterpart existed within a radius of 2′′ in the SDSS
catalogs. This resulting selection of galaxies is > 90%
spectroscopically complete to KAB = 16.3 over ∼ 2000
square degrees within the SDSS footprint. Our meth-
ods for sample selection, star-galaxy separation, etc., are
identical to those described in Keenan et al. (2013), ex-
cept that we have updated to the UKIDSS-DR9 and
SDSS-DR10.
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Fig. 1.— The source distribution on the sky for the low-redshift samples considered in this study. The 2MASS samples are shown in
black and blue, the UKIDSS sample in green, and the GAMA sample in purple.
2.2. GAMA Sample
The Galaxy And Mass Assembly Survey (GAMA;
Driver et al. 2009, 2011) team have recently made their
second data release (DR2; J. Liske et al., in preparation),
which includes spectroscopy and independent K−band
photometry performed on UKIDSS imaging (Hill et al.
2011) of sources located in three equatorial fields total-
ing 144 deg2. GAMA targets for spectroscopy are se-
lected in the R−band (R < 19.4), which provides for high
spectroscopic completeness (∼ 95%) in the K−band to
KAB = 17.
2.3. 2MASS Sample
Bilicki et al. (2014) recently published a redshift cata-
log (2MPZ) for 2MASS galaxies, which contains spec-
troscopic redshifts, where available, as well as photo-
metric redshifts for all galaxies to a depth of KAB =
15.76. Here we use only the spectroscopic redshift sam-
ple of the 2MPZ, which contains redshifts from the
Two Micron Redshift Survey (2MRS; Huchra et al. 2005;
Erdogˇdu et al. 2006), the Six-Degree Field Galaxy Red-
shift Survey (6DFGRS; Jones et al. 2009), the 2DFGRS,
the SDSS, and other publicly available data. The 2MPZ
catalog is ∼ 98% spectroscopically complete down to
KAB = 13.6 over the entire extragalactic sky, and ∼ 94%
complete down to KAB = 15.36 over the main footprint
of the SDSS. We update the 2MPZ for our study to in-
clude redshifts from the SDSS-DR10 (∼ 6000 additional
redshifts).
2.4. Photometry
This study makes a comparison of low-redshift pair
fractions and merger rates derived from 3 different
sources of photometry (2MASS, UKIDSS, and GAMA).
However, our results do not depend sensitively on the
initial photometry catalogs used.
For the main UKIDSS sample, we use K−band Pet-
rosian aperture magnitudes. The UKIDSS pipeline im-
poses an upper limit on the Petrosian aperture radius of
6′′, which implies a circular aperture radius of 12′′. This
results in the flux being systematically underestimated
for ∼ 10% of the galaxies in our sample which appear
large on the sky.
In Keenan et al. (2013), we describe a method for re-
covering the light lost to this Petrosian aperture “clip-
ping”, which involves fitting and extrapolating Se´rsic
profiles to the light curves derived from a range of circu-
lar aperture (1− 12′′) measurements. There, we demon-
strate that this method provides a satisfactory lost-light
correction and we employ the same method in this study
to correct Petrosian aperture photometry from UKIDSS.
We note, however, that this correction does not change
the results or conclusions presented here.
Hill et al. (2011) provided a reanalysis of UKIDSS pho-
tometry for sources in the GAMA fields. In the analysis
of the GAMA data presented here we use these updated
K−band Petrosian aperture magnitudes. In principle,
these should be better than UKIDSS Petrosian aper-
ture magnitudes because they do not suffer from the
aperture clipping issue described above. However, the
GAMA-DR2 catalogs provide K−band photometry for
Petrosian apertures defined in the r−band, which may
present some bias.
Between UKIDSS and GAMA Petrosian aperture mag-
nitudes, there is ∼ 0.1 mag rms scatter and GAMA mag-
nitudes are systematically brighter by ∼ 0.03 mag. We
ran all of our analysis on the GAMA fields presented be-
low using both UKIDSS and GAMA input photometry
catalogs and found no significant difference in our results
that depended on which photometry we used.
2MASS used a Ks filter, which features a slightly
shorter central wavelength (2.12 µm) than the UKIDSS
K filter (2.2 µm). The magnitudes we use in the 2MASS
4Fig. 2.— Spectroscopic completeness as a function of K−band
apparent magnitude. The 2MASS samples are shown in black and
blue, the UKIDSS sample in green, and the GAMA sample in pur-
ple. The dashed vertical lines of the same colors indicate the mag-
nitude limit of each sample.
analysis are the 20 mag arcsec−2 circular isophotal mag-
nitudes (k m k20fe, Jarrett et al. 2000). A comparison
between these and UKIDSS Petrosian aperture magni-
tudes shows that UKIDSS runs, on average, ∼ 0.03 mag
brighter than 2MASS, and with a relatively large scatter
of ∼ 0.2 mag between the two catalogs. Domingue et al.
(2009) demonstrate that 2MASS photometry becomes
problematic for objects which are close in projection on
the sky (blended). We address this issue below in Sec-
tion 3.3.
While a direct comparison between 2MASS and
UKIDSS photometry could be problematic due to the
issues mentioned above, the purpose of the 2MASS pho-
tometry in this study is to rerun some of the analyses
presented in previous studies as a baseline check of our
methods. The main results of this study are derived from
UKIDSS photometry, so we make no further efforts to
reconcile the differences between these catalogs.
2.5. Spectroscopy and Completeness
This study relies most heavily on spectroscopy from
the SDSS, 2DFGRS, and GAMA surveys. The SDSS
spectrograph and the 2DF + AAOmega spectrograph
(used for the 2DFGRS and GAMA) feature similar
resolution and wavelength coverage in the configura-
tions used for the surveys (∼ 3800 − 9000 A˚, R ∼
1800). The SDSS team reports a redshift accuracy
of 30 km s−1 (Stoughton et al. 2002), while the 2DF-
GRS and GAMA surveys report redshift accuracies
of 85 km s−1 (Colless et al. 2001) and 65 km s−1
(Driver et al. 2011), respectively.
We made a comparison between SDSS and 2DF red-
shifts for ∼ 10, 000 galaxies in the equatorial overlap re-
gion between these surveys. We found an rms difference
of ∼ 100 km s−1 in the redshifts of galaxies that had
been measured by both surveys, and > 99% agreement
to within ±300 km s−1. In our analysis, where there
is overlap we elect to use the SDSS redshifts, given the
better stated redshift precision.
We supplement our redshift catalogs with other pub-
licly available spectroscopic data from the NASA Ex-
tragalactic Database (NED4). However, these extra red-
shifts make up less than 10% of our sample and we expect
that the redshift accuracy of the entire sample should re-
main better than ±100 km s−1. We show below in our
analysis that the majority of galaxy pairs in our sam-
ple have velocity differences of < 300 km s−1, such that
our selection criterion of ∆V < 500 km s−1 should be
minimally affected by redshift uncertainty.
In Figure 2, we show the spectroscopic completeness
(Nspecz/Ntotal) as a function ofK−band apparent magni-
tude for the various subsamples of galaxies. The 2MASS
samples are shown in black and blue, the UKIDSS sam-
ple in green, and the GAMA sample in purple. The
rough area on the sky of each sample is listed in the plot,
and vertical dashed lines indicate the various magnitude
limits.
2.6. Redshift and Luminosity Distributions
The redshift distributions of each of the aforemen-
tioned samples is shown in Figure 3a. The 2MASS sam-
ples are shown in black and blue, the UKIDSS sample in
green, and the GAMA sample in purple. The histograms
have been binned such that they appear on roughly the
same vertical scale. The actual number of galaxies in
each sample is listed in the lower panel of the plot.
To calculate absolute magnitudes we modified the
observed apparent magnitude by a distance modulus
(DM), a K−correction K(z), and an evolution correc-
tion E(z), such that the absolute magnitude of a given
galaxy is described by M = m−DM(z)−K(z) +E(z).
In the NIR at low redshifts, K−corrections are small
and nearly galaxy type independent (Mannucci et al.
2001). Chilingarian et al. (2010) show, using SDSS and
UKIDSS data, that at low redshifts (z < 0.5), accurate
K−corrections can be calculated using inputs of only
redshift and one observed color. They compared with
more rigorous methods of spectral energy distribution fit-
ting (Blanton & Roweis 2007; Fioc & Rocca-Volmerange
1997), and found the errors associated with the
K−corrections using their simpler method should be
< 0.1 mag. They have provided a K−correction cal-
culator5, which we used to estimate the K−corrections
for our sample.
Evolution of the rest-frame intensity of the NIR light
from galaxies is expected to be substantially weaker than
for optical bandpasses (Blanton et al. 2003). However,
we apply an evolution correction to compare galaxy pairs
in different redshift bins at their expected z = 0 lumi-
nosities. The standard evolution correction takes the
form E(z) = Qz, with Q being a positive constant.
Blanton et al. (2003) have shown that, for the K−band,
Q = 1 fits the expectation from stellar population syn-
thesis models. Thus, here we assume a value of Q = 1,
such that E(z) = z.
We assume a value for the solar luminosity in the
K−band of M⊙,K = 5.19, appropriate for the UKIDSS
K filter (Hill et al. 2010). While this is not strictly ap-
propriate for the 2MASS Ks filter, we use the same value
for consistency, and, as noted in Section 2.4, the main re-
sults of this study are drawn from the UKIDSS sample.
In Figure 3b, we show the distribution of K−band lumi-
4 http://ned.ipac.caltech.edu/
5 http://kcor.sai.msu.ru/
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Fig. 3.— (a) The redshift distribution of the low-redshift samples
included in this study. The 2MASS samples are shown in black
and blue, the UKIDSS sample in green, and the GAMA sample
in purple. The histograms have been binned such that they are
scaled to roughly the same vertical scale in the plot. (b) K−band
luminosity as a function of redshift for the same samples displayed
in (a). The number of galaxies in each sample is also listed in the
plot.
nosities as a function of redshift for the various samples
in this study. The color coding is the same as for the top
panel of this figure.
3. SELECTING DYNAMICALLY CLOSE PAIRS OF
GALAXIES
We select dynamically close pairs from the samples de-
scribed above by requiring that pair galaxies have a pro-
jected separation of 5 − 20 h−1 kpc (h = 0.7) and a
velocity difference of ∆V < 500 km s−1. The lower limit
of 5 h−1 kpc is chosen to avoid confusion due to blended
pairs, though this lower limit is only expected to exclude
∼ 5% of pairs (Patton et al. 1997, 2000). We choose the
upper limit of 20 h−1 kpc and ∆V < 500 km s−1 be-
cause at least half of such pairs show physical signs of
interactions (Patton et al. 2000), and simulations have
shown that the vast majority of these pairs will merge on
timescales of ∼ 1 Gyr (Kitzbichler & White 2008). Fur-
thermore, these selection criteria match those of several
previous studies, which facilitates a direct comparison
with other results.
3.1. Spectroscopic Completeness for Pairs
In any sample that is not 100% spectroscopically com-
plete, some close pairs will be missed because one or both
Fig. 4.— The ratio of the number of pairs of galaxies, where both
galaxies have a spectroscopic redshift, to the number of pairs in the
entire sample (regardless of redshift information) as a function of
angular separation. This ratio is then the pair completeness as
a function of the angular separation of pairs on the sky. Fiber
collision issues in the SDSS cause the drop in completeness below
55′′ in the deeper 2MASS sample and the UKIDSS sample. We
also include the same statistic for the KPAIR sample (2MASS +
SDSS-DR5, Domingue et al. 2009; Xu et al. 2012) to demonstrate
the improvement in spectroscopic completeness for close pairs in
our study compared to previous low-redshift NIR-selected samples.
of the galaxies lack redshift information. Thus, in princi-
ple, such a sample will contain pairs where both galaxies
have a redshift, pairs where one galaxy has a redshift,
and those where neither have redshifts. This issue is
compounded by the fact that, in general, there exists a
bias against measuring redshifts for objects that are close
in projection on the sky due to fiber (or slit) “collisions”.
In Figure 4, we show the ratio of the number of double-
redshift galaxy pairs in each of the spectroscopic samples,
to the total number of pairs (regardless of redshift infor-
mation), as a function of angular separation. This ratio
is then the spectroscopic completeness for galaxy pairs as
a function of angular separation on the sky. We note that
for pairs in the all-sky 2MASS sample and the GAMA-
DR2 sample, the pair completeness is flat as a function
of angular separation. In the 2MASS sample this is likely
due to the fact that these relatively bright galaxy pairs
are at wider separation, so fiber collisions are less of a
problem, as well as the fact that multiple overlapping
redshift surveys were combined in this sample. In the
GAMA-DR2 sample, multiple visits to each of the fields
to ensure maximum completeness has alleviated the fiber
collision issue.
However, in both the 2MASS and UKIDSS samples
within the SDSS footprint we measure a drop in com-
pleteness for pairs at separations of less than 55′′, where
fiber collisions become a problem in the SDSS. At sep-
arations greater than 55′′ the completeness for pairs is
equal to the square of the overall completeness of the
samples.
In Figure 5, we show the angular separation for pairs
in the various samples. We note that the vast majority of
pairs lie at angular separations of < 55′′, such that in the
2MASS (K < 15.36) and UKIDSS samples, there will be
a significant number of “single-redshift pairs”, where one
galaxy lacks spectroscopy.
However, in Figure 4, we also show completeness for
6Fig. 5.— Angular separation of pairs on the sky for the various
samples.
pairs as a function of angular separation for the 2MASS
+ SDSS-DR5 sample used to generate the “KPAIR”
sample of Domingue et al. (2009) and Xu et al. (2012).
We show this to highlight the significant improvement,
both in overall completeness (+10%) and for pairs at
< 55′′ separations (+20%) in the UKIDSS (or 2MASS)
+ SDSS-DR10 (+2DFGRS, +GAMA, etc.) in the sam-
ples considered here.
3.2. Accounting for Single Redshift Pairs
In principle, the probability of any single-redshift pair
being a physical pair is a function of angular separation,
redshift, and the apparent magnitude difference between
the pair galaxies. Here, we wish to consider the pair frac-
tion for major mergers, so we calculate the probability
that any given pair of galaxies having less than one mag-
nitude difference in brightness is a physical pair, given
its redshift and angular separation.
In Figure 6, we present the probability of pairs being
physical pairs as a function of redshift and angular sepa-
ration on the sky. The grayscale denotes the probability
of a given galaxy pair being a physical pair as a function
of position in this plane.
We calculated this probability considering only the
galaxies in the 2MASS (K < 15.36) and UKIDSS
samples which have redshifts (i.e., only double-redshift
pairs). In these spectroscopic samples, we then counted
physical pairs at a given angular separation and redshift
(those meeting all of our pair selection criteria) and di-
vided by the total number of double-redshift pairs at that
angular separation and redshift with no velocity con-
straint. This exercise yielded the grid of probabilities,
as a function of redshift and angular separation, shown
in Figure 6.
The dashed red line in Figure 6 denotes the selection
criterion of a projected separation < 20 h−1 kpc. Blue
points show the location of 2MASS (K < 15.36) single-
redshift pairs and green points show UKIDSS single-
redshift pairs. Given the location of single-redshift pairs
in this plane we estimate a probability that any given
pair is physical, such that they may be included appro-
priately in the pair fraction.
This figure demonstrates that the probability of any
two galaxies being in a physical pair is a strong function
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Fig. 6.— A map of the probability (denoted by the grayscale on
the right), of a single-redshift major-merger candidate pair being
a physical pair. Blue points show the distribution in redshift and
angular separation for single-redshift major-merger candidate pairs
in the 2MASS sample (K < 15.36) and green points show the same
for the UKIDSS sample. This map was generated using the spec-
troscopic sample of galaxies by comparing the number of physical
pairs to projected pairs both as a function of redshift and angular
separation. The red dashed line shows the selection criterion of
pairs being at projected separations of < 20 h−1 kpc.
of redshift and angular separation. While the probability
of two galaxies on the low-redshift end of the sample be-
ing in a physical pair varies from roughly 0−50%, beyond
z ∼ 0.1, pairs at projected separations of < 20 h−1 kpc
are nearly all physical pairs. The total contribution of
single-redshift pairs to the pair fractions calculated below
is ∼ 15− 20%.
3.3. Correcting for Blending in the 2MASS samples
In their consideration of pairs selected from 2MASS +
SDSS, Domingue et al. (2009) note that galaxies sepa-
rated by less than 10′′ are treated as single objects in the
2MASS photometric pipeline, resulting in physical pairs
at close angular separations being missed due to blend-
ing. To correct for this effect, they visually inspected
the 8837 galaxies in their primary sample that have red-
shifts of z > 0.034, where objects meeting their selection
criteria may be blended.
Upon inspection, they found 126 candidate pairs and
concluded that 51 of these pairs meet their selection crite-
ria. Through follow-up spectroscopy and other cuts, they
exclude roughly half of these additional pairs from their
final sample. However, with a final sample of just 170
pairs, those represented by single objects in the 2MASS
catalogs make up ∼ 15% of the total, such that this is
one of the most significant corrections made to the raw
pair counts.
To investigate the effects of blending in our 2MASS
+ SDSS sample, we first employed the Galaxy Zoo
(GZ) mergers catalogue of Darg et al. (2010a). The GZ
project is described in detail in Lintott et al. (2008), and
consisted of employing the efforts of ∼ 140, 000 volun-
teers in the visual classification of ∼ 900, 000 galaxies
in the SDSS. One of the products of this effort was the
catalogue of interacting galaxies described in Darg et al.
(2010a). Here we use this GZ mergers catalogue to iden-
tify pairs of interacting galaxies that were missed in our
initial selection due to blending in 2MASS.
Volunteers that participated in the GZ project were
simply offered the option to classify a system as a
“merger” based on their visual inspection of an image.
Pair Fraction Evolution at Z < 1 7
10”
SDSS UKIDSS2MASS
z = 0.079
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proj. sep. = 12.4 h-1 kpc
vel. sep. = 90 km/s
Fig. 7.— A typical major-merger pair that is catalogued as a single object in 2MASS due to blending and is not included as a Galaxy Zoo
merger because it does not appear to be a disturbed system. 26 such major-merger pairs exist in the overlap region between 2MASS and
UKIDSS, where the primary and secondary meet all the selection criteria for major mergers in the 2MASS K < 15.36 sample. UKIDSS
only overlaps ∼ 30% of the 2MASS area, suggesting the total number of pairs missed in 2MASS due to this effect is ∼ 90.
A “weighted-merger-vote fraction, fm”, which is a sort
of probability that any given object is actually a merger,
was then defined for each object based on these results
(see Darg et al. 2010a for more details on fm). Based on
further investigations of morphologies versus fm, the GZ
team chose a cutoff in fm to define their mergers cat-
alogue. Thus, the GZ selection is by morphology only,
and is quite different from our pair selection. However,
this “by eye” classification of merging systems has been
demonstrated to be a reliable measure of galaxy interac-
tion (Darg et al. 2010a), and allows us to quantify what
fraction of merging systems are missed due to blending
in 2MASS.
The GZ mergers catalogue contains 3003 systems iden-
tified as mergers. Of these, 1070 are potential candidates
for our study, where the system lies within the main
SDSS footprint (blue area in Figure 1), and at least one
of the objects in the system is identified in 2MASS at
a magnitude of K < 15.36 (if both objects in a sys-
tem are identified in 2MASS we require that both have
K < 15.36).
Of the 1070 GZ identified systems, 104 contain two
individual galaxies in our 2MASS sample. However, only
76 of these 104 meet our initial selection criteria (∆V <
500 km s−1, 5 h−1 < rsep < 20 h
−1 kpc, K < 15.36).
Of the remaining 986 GZ systems, 825 have single object
counterparts in 2MASS (the other 141 systems are fainter
than our magnitude cut).
We use the stellar mass estimates of Darg et al. (2010a)
to determine which of these systems could be classified
as major mergers. Of the 825 single 2MASS objects, 283
are double-redshift systems that meet our initial criteria,
but just 26 meet all our selection criteria for major merg-
ers. An additional 497 of systems appearing as single
objects in 2MASS are single-redshift systems that meet
our initial selection criteria (except velocity difference).
However, just 23 of these systems meet all the criteria
for major mergers.
We add the 26 double-redshift major-merger systems
to our main sample, and count the 23 single-redshift sys-
tems in the same way as described in Section 3.2 for
single-redshift pairs. To extend this correction to the
all-sky 2MASS sample, we identify the subset of GZ sys-
tems (14 total) that meet our criteria for major mergers
with the brighter magnitude cut, then multiply their con-
tribution to the pair fraction by the area of the all-sky
sample divided by the area of the SDSS sample.
Based on this analysis, we find that roughly half of
the systems that would have been included in our initial
selection are blended into single objects in the 2MASS
catalogues. The effect is less prominent in terms of total
number of major-merger pair candidates. The compari-
son with the GZ catalogues adds a total of 49 candidate
pairs (26 double-redshift, 23 single-redshift) to our initial
selection of 178 major-merger pairs (137 double-redshift,
41 single-redshift).
The 2MASS K < 15.36 pair sample, after the inclusion
of these blended pairs, includes 227 pairs of galaxies. The
increase of ∼ 33% over the total number of pairs (170)
in the KPAIR sample may be attributed to an increase
in sky coverage of ∼ 20%, an overall increase in spec-
troscopic completeness of ∼ 10%, and perhaps a bit due
to the use of the GZ mergers catalog to identify blended
pairs, rather than a by eye determination. In any case,
stopping the blended pair analysis at this point we arrive
at a pair fraction vs. LK that is only slightly higher than
that presented in Xu et al. (2012).
However, in the comparison described above, we also
found a relatively large number of 2MASS selected pairs
in our sample that are not identified in the GZ cata-
logue. The initial 2MASS + SDSS sample contains 415
double-redshift pairs and 234 single-redshift pairs (initial
cut only, without excluding minor mergers or primaries
within one mag of the flux limit). All of these objects
appear in the SDSS catalogues, but the majority appear
morphologically undisturbed. Only 81 of these systems
(56 double-redshift, 25 single-redshift) are picked up by
the GZ morphology classification.
To explore this issue further, we looked for pairs identi-
fied in the UKIDSS sample that were classified as single
objects in 2MASS and do not appear in the GZ cata-
logues. In Figure 7, we show one such system. In total,
we found 156 systems in the UKIDSS sample that (based
on UKIDSS photometry) would meet the initial selection
criteria for the 2MASS sample, but which are catalogued
as single objects in 2MASS and are not in the GZ cat-
8Fig. 8.— Velocity difference of pairs in the spectroscopic sample.
alogue. These pairs then constitute another population
of merger candidates that must be accounted for in the
2MASS blending correction.
In total, we found 21 major-merger candidate pairs
meeting all selection criteria (∆V < 500 km s−1, 5 h−1 <
rsep < 20 h
−1 kpc, K < 15.36) for the 2MASS sam-
ple (16 double-redshift, 5 single-redshift). As with the
GZ candidates, we include the double-redshift pairs in
the pair fraction directly and treat the single-redshift
pairs as described in Section 3.2. We also account for
the fact that UKIDSS only overlaps about ∼ 30% of the
2MASS/SDSS area by multiplying the contribution of
these new pairs by a factor of 1/0.3.
These corrections to account for blending in 2MASS
comprise a substantial addition to the pair fraction, with
the largest contribution coming at the high-mass end,
where galaxies tend to be at higher redshifts (more likely
to be close in projection and blended). In terms of total
numbers, the percent contribution to the pair fraction is
53% double-redshift pairs, 4% single-redshift pairs, 16%
pairs added from GZ, and 27% from pairs in UKIDSS
that are missed in both 2MASS and GZ.
Thus, in the 2MASS K < 15.36 sample, the correction
for blended pairs constitutes 43% of the measured pair
fraction, up from ∼ 15% in the KPAIR sample, which
accounts for most of the increase in the pair fraction we
measure compared to that presented in Xu et al. (2012).
When blended pairs are accounted for in the 2MASS
sample in this manner, the resulting pair fraction is in
good agreement with that determined from the UKIDSS
sample. This analysis highlights the fact that 2MASS
photometry is only useful as a photometric catalog for
pair selection when combined with higher quality pho-
tometry (SDSS and UKIDSS in this case) to assess the
effects of blending. While we believe the UKIDSS sam-
ple is the most robust for calculating the low-redshift pair
fraction, we also include the 2MASS samples in all the
following analyses for comparison.
3.4. Pair Velocity Distribution
In Figure 8, we show the distribution in velocity differ-
ence for pairs in the various samples. While the major-
ity of pairs lie at velocities differences below 500 km s−1,
roughly 15% are at higher velocities, up to an initial se-
lection criterion of < 1000 km s−1. In the analysis that
Fig. 9.— (a) The major-merger pair fraction as a function of
K−band luminosity for samples in this study. The error bars
show 1 σ Poisson counting errors (based on small number statis-
tics from Gehrels 1986 where appropriate). The dashed line shows
the low-redshift pair fraction derived by Xu et al. (2012) in their
KPAIR sample, combining 2MASS photometry with SDSS-DR5
spectroscopy. We split our samples into various redshift bins, which
are denoted in the plot. In general, we find a higher pair frac-
tion than that derived by Xu et al. (2012). This is due mostly to
the more thorough treatment of blended objects in 2MASS, but
also to higher spectroscopic completeness. The UKIDSS sample
covers the largest volume and should be the best estimate of the
true low-redshift pair fraction. (b) The merger rates (per Gyr per
galaxy) implied by assuming the stellar-mass-dependent timescale
and conversion from pair fraction given in equations 3 and 4, and
that 100% of pairs eventually merge.
follows, we only consider pairs at radial velocity differ-
ences of < 500 km s−1.
4. PAIR FRACTION AND MERGER RATE
Here we consider only major-merger candidate pairs
(Lprimary/Lsecondary < 10
0.4) for which the primary
(more luminous) galaxy is at least one magnitude
brighter than the selection limit of the sample to en-
sure completeness in detecting major-merger secondaries.
We also imposed a projected separation criterion of 5 <
rsep < 20 h
−1 kpc, and a velocity difference upper limit
of 500 km s−1 for the reasons described in Section 3.
To compute the pair fraction, we add the total number
of galaxies in double-redshift pairs, where all selection
criteria are met, to the sum of the single-redshift pair
probabilities, where single-redshift pair candidates meet
all selection criteria except velocity difference. Thus, the
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Fig. 10.— The field to field variation in measured pair frac-
tion over five subregions of the UKIDSS sample. In each case the
pair fraction is measured in the same three luminosity bins for
all galaxies at z < 0.25. The full UKIDSS sample is shown in
black, the equatorial strip including all three GAMA fields in pur-
ple (−2 < DEC < 3 and 129 < RA < 223.5), the SDSS Stripe
82 strip in green (−2 < DEC < 2 and 310 < RA < 60, opposite
the GAMA fields on the sky), and three other strips at the various
declinations listed in the plot. We find a ∼ 25% dispersion in the
central luminosity bin (10.8 < Log10(LK) < 11.2, for which we will
later measure the evolution with redshift). The dispersion may be
attributed to ∼ 15% statistical error and ∼ 10% systematic due to
cosmic variance.
pair fraction is
fpair =
N2z +
n∑
i=1
P1z(i)
Ntot
, (1)
where N2z is the number of double-redshift pair galax-
ies meeting all the selection criteria, n is the number
of single-redshift pairs, P1z(i) are the probabilities asso-
ciated with each of the single-redshift pair galaxies, as
derived in Section 3.2, and Ntot is the number of galax-
ies in the full sample(with spectroscopic redshifts) that
are > 1 mag brighter than the selection limit, and fall
within the redshift/luminosity range being considered.
For the 2MASS samples, the pair fraction includes the
pairs identified via comparison with GZ and UKIDSS, as
described in Section 3.3.
In this calculation of the pair fraction, only galax-
ies with spectroscopic redshifts are counted in “Ntot”.
Thus, we are implicitly assuming that, after the single-
redshift pair correction is made, the spectroscopic com-
pleteness for pair galaxies is equal to that of the full
sample. In other words, the drop in completeness at
close angular separations seen in Figure 4 is accounted
for by the single-redshift pair correction, such that the
spectroscopic completeness for pairs is flat at the square
of the general level of of completeness for each sample as
a function of angular separation.
In Figure 9a, we show the pair fraction in a variety
of redshift and luminosity bins for the four samples con-
sidered here (error bars show 1 σ Poisson counting er-
rors). The corresponding merger rates are shown in Fig-
ure 9b and are discussed further in Section 4.4. We com-
pare these results with those of Xu et al. (2012) for their
“KPAIR” low-redshift sample, which was selected using
2MASS + SDSS DR5 with the same criteria.
In the 2MASS K < 15.36 sample, we find a higher
pair fraction of ∼ 2% compared to the ∼ 1.4% found by
Xu et al. (2012) in their consideration of essentially the
same sample. This difference is mostly due to the more
thorough treatment of the issue of blending in 2MASS
described in Section 3.3, but also likely due, in part, to
the higher spectroscopic completeness in our sample. Ac-
counting for blended pairs in the 2MASS sample brings
the K < 15.36 pair fraction into good agreement with
that derived from the UKIDSS sample.
4.1. The Dwarf Galaxy Pair Fraction
With the low-redshift UKIDSS sample, we push more
than an order of magnitude lower in stellar mass than
previous studies. We find no evidence of a higher pair
fraction among low-mass galaxies. However, we are only
considering major mergers here, while the local group
study of Fattahi et al. (2013) that found a 30% pair frac-
tion was considering all pairs separated by up to 3 mag-
nitudes in brightness.
The local group sample of Fattahi et al. (2013) con-
tains many galaxies that would be beyond our detection
limits, so we are not able to make a direct comparison
with their study. However, galaxies pairs in the mass
range of the Magellanic clouds would be detectable in
the UKIDSS sample out to ∼ 50 Mpc. While we cannot
probe a dynamic range of 3 magnitudes brightness differ-
ence and still ensure complete detection of secondaries,
we can put a lower limit on the pair fraction by consid-
ering the total fraction of galaxies in any pairs separated
by up to 3 magnitudes and with a primary mass less than
109.5 M⊙.
In the UKIDSS sample (which contains ∼ 1000 dwarf
galaxies), we find only 4 double-redshift pairs, and 32
single-redshift pairs. Given that these single-redshift
pairs are all at very low redshifts, they are highly un-
likely to be physical pairs (see Figure 6). Even if all these
galaxies were in physical pairs, it would only amount to
a pair fraction of ∼ 6%. The 2MASS samples contain
fewer low-mass galaxies, but also feature a relatively low
dwarf pair fraction.
Thus, we can conclude that the pair fraction among
dwarf galaxies is at least 1 − 2%, but we do not find
evidence here to suggest the ∼ 30% dwarf pair fraction
found by Fattahi et al. (2013) in the local group is a gen-
eral trend in the local universe.
4.2. Evolution Versus Sample Variance
We expect that the UKIDSS z < 0.1 sample is the
best current estimate of the pair fraction as a function of
K−band luminosity in the local universe, given the depth
and diversity of sight lines on the sky of this sample.
The UKIDSS sample appears to indicate that the pair
fraction remains flat at ∼ 2% over the entire luminosity
range considered and out to redshift z = 0.25. Interest-
ingly, however, the 2MASS K < 13.6 all-sky pair frac-
tion remains significantly lower even after correction for
blended pairs, while the GAMA sample shows a slightly
higher pair fraction for bright galaxies in the z < 0.15
bin, and a much higher pair fraction in the 0.15 < z < 0.3
bin.
These results would appear to indicate that the pair
fraction of massive galaxies may be increasing by a factor
10
of 3 or more from z ∼ 0 to z ∼ 0.3 (the redshift range
bracketed by the 2MASS and GAMA samples). This
would imply a rather extreme evolution of the merger
rate of galaxies, with m ∼ 4 in the relation fpair ∝ (1 +
z)m. However, these results could also simply be due in
part to small number counting statistics and in part to
so-called “cosmic variance” due to large-scale structures
in the volumes surveyed, as the actual fraction of physical
and projected pairs has been shown to depend on large-
scale environment (Lin et al. 2010; de Ravel et al. 2011;
Jian et al. 2012)
To investigate these effects, we recalculated the pair
fraction of UKIDSS galaxies in five subsamples for all
galaxies at z < 0.25. The results of this exercise are
shown in Figure 10, where the result for the full UKIDSS
sample is shown in black, for an equatorial strip contain-
ing the GAMA fields in purple (−2 < DEC < 3 and
129 < RA < 223.5), for the SDSS Stripe 82 equatorial
strip in green (−2 < DEC < 2 and 310 < RA < 60, op-
posite the GAMA fields on the sky), and for three other
strips at the various declinations listed in the plot. Fo-
cusing on the luminosity bin 10.8 < LK < 11.2 (which
we will later use to study evolution of this quantity),
these results indicate a ∼ 25% dispersion in the pair
fraction measured in different directions on the sky in
the UKIDSS sample. Poisson (counting) error should
be at the ∼ 14% level given the average number of pair
galaxies per subsample in this bin is ∼ 50. If Poisson er-
ror and cosmic variance are the dominant contributions
to the 25% mentioned above they should add in quadra-
ture, implying cosmic variance at the ∼ 20% level in each
subsample.
Driver & Robotham (2010) showed that cosmic vari-
ance, σcv ∝ 1/
√
N , where N is the number of indepen-
dent sight lines. In the full UKIDSS sample, we expect
both the counting error and cosmic variance to be re-
duced by a factor of
√
5 from the jack-knife resampling
values mentioned above, given that the number of ob-
jects per bin goes up by a factor of 5, and with 5 sight
lines, the cosmic variance should be reduced by a factor
of
√
5. Thus, the counting error for the full sample is at
the ∼ 6% level, and cosmic variance at ∼ 9%, for a total
error of ∼ 11% once added in quadrature.
Lo´pez-Sanjuan et al. (2014) studied cosmic variance in
pair studies, using data from the ALHAMBRA6 survey,
as a function of the number density of the parent sam-
ples, and the volume surveyed. They found that the
uncertainty due to cosmic variance may be expressed as
σcv(n1, n2, V ) = 0.48×
(
n1
10−3 Mpc−3
)−0.54
×
(
V
105 Mpc3
)−0.48
×
(
n2
n1
)−0.37
,
(2)
where n1 is the number density of the parent sample
for primary galaxies, n2 is the number density of the par-
ent sample for secondaries (i.e., 1 mag fainter than for
primaries), and V is the volume surveyed. If we com-
pute σcv for the full UKIDSS sample directly from equa-
tion 2, we arrive at a result of σcv ≈ 4%, roughly half
6 http://alhambrasurvey.com/?lang=en
our previous estimate. The ALHAMBRA survey consists
of many small pencil beam sight lines, sampling a quite
different volume than that of our UKIDSS sample, and,
thus, equation 2 may not be appropriate in this case, but
we make mention of this apparent agreement here given
that the direct comparison may be made.
We note the highest pair fraction in UKIDSS is mea-
sured in the direction of the GAMA fields, which also
happen to overlap with the so called “Sloan Great Wall”
(Gott et al. 2005). In addition, the all-sky 2MASS K <
13.6 pair fraction remains low, even after the blending
correction. Several recent studies (e.g., Keenan et al.
2010, 2012, 2013; Whitbourn & Shanks 2014) have found
the local universe appears under-dense at z . 0.07.
de Ravel et al. (2011) have shown that the pair fraction
increases with local galaxy space density, and, thus, we
suspect the higher/lower pair fractions measured in these
volumes may be reflective of these observed over/under-
densities.
Calculating estimates for the other samples in the same
way as presented above, we find that the combination of
counting error and cosmic variance should be ∼ 20% for
our GAMA sample, ∼ 22% for the 2MASS K < 13.6
sample, and ∼ 15% for the 2MASS K < 15.36 sam-
ple. Given these analyses, we conclude that the scat-
ter in Figure 9a is consistent with the expected disper-
sion due to counting errors plus cosmic variance due to
large-scale structures in the various survey volumes. The
full UKIDSS sample, where we find a relatively flat pair
fraction at ∼ 2% as a function of luminosity, covers the
largest volume and should be the most robust to cosmic
variance (σcv ∼ 9%).
4.3. The RCS1 sample
To measure evolution in the pair fraction we compare
with a stellar-mass-selected pair sample from the RCS1
(Gladders & Yee 2005). The RCS1 samples roughly
33 deg2 on the sky, and is comprised of 10 widely sepa-
rated regions.
The observations, data reduction, and photomet-
ric redshift determinations for the RCS1 sample are
presented in Hsieh et al. (2005). Luminosity-selected
galaxy pairs from the RCS1 sample were presented in
Hsieh et al. (2008). For the present study, B. C. Hsieh
performed a reanalysis of the RCS1 close pair sample
based on a stellar mass selection and other criteria de-
signed to match our low-redshift selection from 2MASS
and UKIDSS. The details of the pair selection methods,
completeness and projection corrections, etc., are nearly
identical to those described in Hsieh et al. (2008), except
that the fundamental selection is by stellar mass, rather
than rest-frame R−band luminosity. Here we briefly de-
scribe these methods, but for a more comprehensive de-
scription we refer the reader to Hsieh et al. (2008).
Hsieh et al. (2008) and Gladders & Yee (2005) de-
scribe the calibration of RCS1 using SDSS stellar pho-
tometry as a standard catalog. Calibrations were per-
formed to ensure consistent photometry from field to
field, from pointing to pointing within a given field, and
from chip to chip on the CCD. Here we are measuring the
pair fractions in galaxies that are detected at very high
signal to noise (minimum S/N ∼ 10, but much higher for
the vast majority of sources) in the RCS1 sample, and,
thus, we do not expect photometric anomalies to be a
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significant source of uncertainty in this sample.
The RCS1 photometric redshifts are based on four
band photometry in the B, V,Rc, and z
′ bands. While
one might worry about the quality of four-band photo-z’s
used for the purpose of selecting physical pairs of galax-
ies, it turns out to be a non-issue, given that objects of
similar brightness that are close in angular separation
on the sky have a very high probability of being physi-
cally associated (e.g., as shown in Figure 6). Hsieh et al.
(2008) demonstrate that even after discarding the red-
shift information altogether it is possible to perform a
robust study of pair galaxies using the appropriate com-
pleteness and projection corrections (see Figure 10 from
Hsieh et al. 2008). Following the analysis of Hsieh et al.
(2008), we search for companion galaxies over the red-
shift range zprimary ± nσz , where n = 2.5 and σz is the
68% redshift uncertainty interval.
We calculate a projection correction for each RCS1
galaxy individually by calculating the mean surface den-
sity of all objects near a candidate pair galaxy that sat-
isfy the criteria ∆z ≤ nσz and ∆Log10(M∗) ≤ 0.4, multi-
plied by the search area for companions (5−20 h−1 kpc).
This value is then subtracted from the actual number of
companions found for any candidate primary galaxy.
We also adopt reliability corrections taken from
Xu et al. (2012) to account for clustering and pairs with
∆V > 500 km/s (predominantly in cluster environ-
ments). Xu et al. (2012) found that a flat correction
may be applied across all redshift bins of 0.94 to correct
for clustering, and 0.91 for pairs with ∆V > 500 km/s.
These are both multiplicative corrections, and, thus,
serve to reduce the estimated pair fraction in each red-
shift bin by a factor of 0.86.
In addition, we restrict the parent sample to include
only galaxies meeting a redshift quality criterion of
σz/(1 + z) ≤ 0.3. This criterion was determined by
Hsieh et al. (2008) as optimal for including the maxi-
mum fraction of the data, while simultaneously minimiz-
ing the noise in the measurement due to poor photo-z’s.
We then determine a completeness correction factor for
each candidate primary galaxy by determining the ratio
of the total number of galaxies in a 0.1 mag bin centered
at the Rc magnitude of that galaxy divided by the num-
ber of galaxies in that bin satisfying the redshift criterion
(typical completeness correction factors are ∼ 1.1− 1.2).
Another source of incompleteness in the RCS1 sample
is missing blended pairs. The median seeing for RCS1
observations was ∼ 0.′′9, corresponding to a physical size
of 2.5 h−1 kpc at the low-redshift limit of this study
(z = 0.25), and a size of 4.8 h−1 kpc at the high-redshift
limit (z = 0.8). Thus, with our minimum separation cri-
terion of rsep > 5 h
−1 kpc, it is clear that some pairs
will be missed due to blending, particularly on the high-
redshift end of the survey. Hsieh et al. (2008) estimated
what they called a “seeing correction” to account for this
effect by comparing pair fraction estimates from the best
and worst seeing conditions observed. They found that
it was not a significant source of bias. Xu et al. (2012)
estimated the blending correction directly using high
resolution HST−ACS imaging of the COSMOS field,
and found the fraction of pairs missed due to blend-
ing was [0.01, 0.06, 0.08, 0.2] in their four redshift bins
over the range 0.2 < z < 1. We interpolate these val-
ues to our own redshift bin centers to infer corrections
of [0.03, 0.07, 0.08, 0.11] for the four RCS1 bins over the
range 0.25 < z < 0.8.
Thus, in addition to our own calculated corrections
for incompleteness (due to photo-z error) and chance
projection, we adopt the corrections made by Xu et al.
(2012) for clustering, ∆V < 500 km/s, and blended
pairs. The combination of the three corrections taken
from Xu et al. (2012) results in a reduction of the esti-
mated pair fraction in the four RCS1 redshift bins by
factors of [0.88, 0.91, 0.93, 0.97], respectively, from low to
high redshift.
We computed stellar masses for the RCS1 sample using
SED fits to optical data (Bruzual & Charlot 2003 tem-
plates with a Salpeter IMF), which is not strictly equiva-
lent to stellar masses estimated via K−band luminosity.
To test how these two quantities are related, we first com-
puted stellar masses for all UKIDSS pair galaxies plus
a selection of ∼ 5000 random galaxies in the UKIDSS
sample using four bands of SDSS photometry and the
same methods used for the RCS1 sample. This compari-
son yielded the result that stellar masses computed with
SDSS photometry and spec-z’s are ∼ 0.13 dex higher
(with ∼ 0.25 dex scatter) than K−band luminosities for
the same objects. This result is in good agreement with
other estimates of M/LK using a Salpeter IMF (e.g.,
Cole et al. 2001).
We also compared RCS1 stellar masses and photo-
z’s directly with UKIDSS K−band luminosities in fields
where the RCS1 and UKIDSS-LAS overlap (for several
hundred objects with available spec-z’s). We found that
RCS1 photo-z’s are in good agreement with spectroscopic
redshifts (median ∆z/(1+z) ∼ 0.03). We also found that
RCS1 stellar masses at z < 0.15 are ∼ 0.13 dex higher
than K−band luminosities for the same objects (consis-
tent with the previous comparison). However, we noted
a downward trend in the M/LK ratio toward increasing
redshift with RCS1 estimated stellar masses being ∼ 0.2
dex lower than K−band luminosities by z ∼ 0.5. This
result is qualitatively consistent with the expectation of
stellar mass increasing relative to rest-frame K−band lu-
minosity toward z = 0 as star formation decreases and
galaxies evolve passively.
4.4. Pair Fraction Evolution
The evolution of the pair fraction is commonly parame-
terized as fpair ∝ (1+ z)m. In general, the most difficult
issue in comparing results from different studies of the
evolution of the galaxy pair fraction is that selections
and methods are often quite different from one study to
the next. Our selection and methods are very similar to
those of Xu et al. (2012), and so we first make a com-
parison with their results. Xu et al. (2012) used a stellar
mass bin of 10.6 < Log10(MK) < 11 to track the pair
fraction in L ∼ L∗ galaxies at z < 1. Through matching
the number densities of objects in our 2MASS K < 15.36
sample to those of Xu et al. (2012), we find that this
stellar mass bin is equivalent to a K−band luminosity
selection of 10.8 < Log10(LK) < 11.2.
In Figure 11a, we show the pair fraction as a function of
redshift. The dash-triple-dot line shows the pair fraction
evolution (m = 2.1±0.3) determined by Xu et al. (2012),
from the combination of their low-redshift KPAIR spec-
troscopic sample from 2MASS + SDSS-DR5 with the
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TABLE 1
Pair Fraction Data From Figure 9
Source log10(LK,bin)
a <log10(LK) >
b < z >c Ntotd fpair
e
UKIDSS (K < 16.3, z < 0.1) 8.0 < LK < 9.0 8.72 0.004 146 0.014 ± 0.010
— 9.0 < LK < 10.0 9.78 0.013 606 0.020 ± 0.006
— 10.0 < LK < 10.2 10.14 0.023 984 0.017 ± 0.004
— 10.2 < LK < 10.6 10.46 0.031 3156 0.021 ± 0.003
— 10.6 < LK < 10.8 10.71 0.042 3418 0.021 ± 0.003
— 10.8 < LK < 11.2 11.03 0.064 12193 0.022 ± 0.001
— 11.2 < LK < 11.3 11.24 0.077 2388 0.020 ± 0.003
— 11.3 < LK < 11.7 11.38 0.079 2245 0.018 ± 0.003
UKIDSS (K < 16.3, 0.1 < z < 0.25) 10.8 < LK < 11.4 11.34 0.110 1652 0.022 ± 0.004
— 11.4 < LK < 11.6 11.48 0.128 1974 0.022 ± 0.003
— 11.6 < LK < 12.0 11.70 0.161 1009 0.019 ± 0.004
GAMA (K < 17, z < 0.15) 9.0 < LK < 10.7 10.47 0.041 872 0.018 ± 0.005
— 10.7 < LK < 10.8 10.75 0.064 361 0.019 ± 0.007
— 10.8 < LK < 11.2 11.03 0.089 2120 0.026 ± 0.004
— 11.2 < LK < 11.4 11.28 0.116 1012 0.028 ± 0.005
— 11.4 < LK < 12.0 11.50 0.119 404 0.025 ± 0.008
GAMA (K < 17, 0.15 < z < 0.3) 11.0 < LK < 11.4 11.35 0.163 289 0.045 ± 0.012
— 11.4 < LK < 11.6 11.47 0.185 564 0.046 ± 0.009
— 11.6 < LK < 12.0 11.74 0.241 612 0.036 ± 0.008
2MASS (K < 15.36, z < 0.1) 8.0 < LK < 9.5 9.20 0.004 192 0.019 ± 0.010
— 9.5 < LK < 10.4 10.16 0.014 1024 0.021 ± 0.004
— 10.4 < LK < 10.8 10.64 0.026 4864 0.019 ± 0.002
— 10.8 < LK < 11.2 11.02 0.039 8985 0.021 ± 0.002
— 11.2 < LK < 11.5 11.34 0.058 5493 0.016 ± 0.002
— 11.5 < LK < 12.0 11.54 0.073 882 0.020 ± 0.005
2MASS (K < 13.6, z < 0.06) 9.3 < LK < 10.8 10.55 0.010 1866 0.014 ± 0.003
— 10.8 < LK < 11.2 11.01 0.017 3388 0.014 ± 0.002
— 11.2 < LK < 11.4 11.26 0.023 1311 0.014 ± 0.003
— 11.4 < LK < 12.0 11.52 0.031 1800 0.009 ± 0.002
a
Bin luminosity range.
b
Mean luminosity of all galaxies in bin.
c
Mean redshift of all galaxies in bin.
d
Total number of candidate primary galaxies (see equation 1).
e
See equation 1.
higher-redshift CPAIR photometric sample. This rela-
tively steep evolutionary trend is driven largely by the
low-redshift anchor point derived from their KPAIR sam-
ple.
We have shown that, after more careful consideration
of blended pairs, the best estimate for the major-merger
pair fraction using 2MASS + SDSS is closer to 2%. This
is then in agreement with the result from the UKIDSS
sample, which is deeper and does not suffer from blending
of pairs (given the criterion rsep > 5 h
−1 kpc).
The red triangles in Figure 11 show the results from
the RCS1 sample, where we have matched the UKIDSS
number density (∼ 7.5 × 10−4 Mpc−3) in four redshift
bins of equal volume over the range 0.25 < z < 0.8. We
find the pair fraction to be relatively flat at ∼ 3 − 3.5%
over this redshift range. These measurements are in good
agreement with the CPAIR sample, although combined
with our low-redshift pair fraction measurement, yield a
flatter evolution with m ≈ 0.7.
We also compare with the recent results from
Robotham et al. (2014) based on the GAMA survey (or-
ange stars in Figure 11). They measured the pair fraction
in three redshift bins over the range 0.05 < z < 0.2. The
selection they used for this measurement was a mass ra-
tio of 1 : 3 and rsep < 20 h
−1 kpc. We correct their values
down by 5% to match our projected separation range of
5 < rsep < 20 h
−1 kpc (Patton et al. 1997, 2000) and
down by another 2.5% to accommodate the change from
a 1 : 3 mass ratio to 1 : 100.4 (calculated empirically
using our UKIDSS sample).
The fit shown as a dashed line in Figure 11 includes our
pair fraction measurements from 2MASS (K < 15.36),
UKIDSS, GAMA, and RCS1 as well as the results from
Robotham et al. (2014). We measure an exponent of
m = 0.7 ± 0.1, and we find that the results from
Robotham et al. (2014) are in such excellent agreement
with our own that adding or omitting their data from
our evolution fit leaves the measured exponent essen-
tially unchanged. In their own study, Robotham et al.
(2014) found m = 1.53 ± 0.08, but they were pulled to-
ward this higher value by previous low-redshift estimates,
including KPAIR, as well as some the of higher pair frac-
tion estimates from various studies in the COSMOS and
other fields. Beyond z = 0.2, there is still significant
uncertainty in the pair fraction, but the RCS1 sample
improves this measurement significantly.
4.5. Cosmic Variance in the Pair Fraction Evolution
Results
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TABLE 2
Pair Fraction Evolution Data From (Figure 11)
Source M∗ or LK Selection Redshift Range < z > Ntot
a fpair
b
UKIDSS (K < 16.3) 10.8 < Log10(LK ) < 11.2 z < 0.10 0.064 12193 0.022± 0.003
GAMA (K < 17.0) 10.8 < Log10(LK ) < 11.2 z < 0.15 0.089 2120 0.027± 0.012
2MASS (K < 15.36) 10.8 < Log10(LK ) < 11.2 z < 0.10 0.039 8985 0.021± 0.005
2MASS (K < 13.6) 10.8 < Log10(LK ) < 11.2 z < 0.06 0.018 3388 0.013± 0.006
RCS1 10.87 < Log10(M∗) < 11.27 0.25 < z < 0.48 0.38 11471 0.031± 0.005
— 10.75 < Log10(M∗) < 11.15 0.48 < z < 0.61 0.55 10825 0.029± 0.005
— 10.55 < Log10(M∗) < 10.95 0.61 < z < 071 0.66 10733 0.030± 0.005
— 10.54 < Log10(M∗) < 10.94 0.71 < z < 0.80 0.76 9794 0.036± 0.006
KPAIR Xu et al. (2012) 10.6 < Log10(M∗K) < 11 z < 0.1 0.040 5826 0.014± 0.002
CPAIR Xu et al. (2012) 10.6 < Log10(M∗) < 11 0.2 < z < 0.4 0.30 706 0.035± 0.011
— 10.6 < Log10(M∗) < 11 0.4 < z < 0.6 0.50 955 0.025± 0.007
— 10.6 < Log10(M∗) < 11 0.6 < z < 0.8 0.70 1913 0.044± 0.008
— 10.6 < Log10(M∗) < 11 0.8 < z < 1.0 0.90 3229 0.055± 0.010
GAMA-II Robotham et al. (2014)c 10.4 < Log10(M∗) < 10.9 0.05 < z < 0.1 0.08 1996 0.0213± 0.0036
— 10.4 < Log10(M∗) < 10.9 0.1 < z < 0.15 0.128 6435 0.0230± 0.0021
— 10.4 < Log10(M∗) < 10.9 0.15 < z < 0.2 0.177 7398 0.0240± 0.0021
a Total number of candidate primary galaxies (see equation 1).
b Errors include Poisson counting errors plus an estimate of cosmic variance (see Section 4.2).
c Pair fraction data given here for GAMA-II represent those reported by Robotham et al. (2014) multiplied by a factor of 0.925 to
adjust from the 1:3 mass ratio used in GAMA-II to the 1:100.4 used here and for the fact that no minimum projected separation
criterion was used for the GAMA-II sample. These corrections are explained in Section 4.4.
To explore the issue of cosmic variance and the com-
parison between the CPAIR and RCS1 samples, we per-
formed a jack-knife resampling of the RCS1 data by mak-
ing the same pair fraction evolution measurement on 20
COSMOS-sized fields of 1.7 deg2 each. We then fit each
result including the low-redshift KPAIR measurement
and assuming fpair ∝ (1+z)m. We performed this resam-
pling for both the fixed stellar mass bin matched to the
CPAIR density (10.5 < Log10(MK) < 10.9) and for the
variable mass binning scheme designed to match to the
UKIDSS density (see Table 2). Both methods yielded
very similar results.
In Figure 12, we show a selection from the resampling
results for four of the RCS1 subsamples (colored trian-
gles with solid lines) alongside the result from Xu et al.
(2012). These four examples show the minimum and
maximum m values measured, as well as two interme-
diate values. The RCS1 sample is not as deep as the
CPAIR sample, so we can only directly make this com-
parison out to z = 0.8. Using the combination of KPAIR
plus the 20 RCS1 subsamples, we find a mean value for
the exponent of m = 1.64 ± 0.1. However, we note that
some of the RCS1 subsamples yield an even higher m
value than CPAIR (highest value m ∼ 2.71 ± 0.4) and
some a much lower value (lowest m ∼ 0.54± 0.4).
The rms error implied by the jack-knife resampling of
the RCS1 suggests∼ 30% per bin in each subsample (cos-
mic variance combined with Poisson error). Much of this
scatter is most likely coming from small number statis-
tics (∼ 20% inferred counting error per subsample bin).
Photometry and completeness issues could be affecting
the results in the highest RCS1 bin (where we find a
somewhat larger scatter of ∼ 40%), but this should not
be present in the three lower redshift bins because the
photometry is uniform, the targets at very high signal to
noise, and completeness high. Thus, we infer a system-
atic due to cosmic variance of ∼ 20% per subsample bin
in this resampling of RCS1.
Applying equation 2 to the full RCS1 sample, we find
an estimated σcv ≈ 3−4%. The counting error per bin in
the full RCS1 sample is ∼ 6%, and estimating the cosmic
variance in the full sample given that the resampling was
performed over the 10 independent RCS1 sight lines we
find σcv ≈ 9%, again roughly a factor of two or three
higher than the estimate from equation 2.
4.6. Merger Rate Evolution
The differential galaxy merger rate (Rmg) is the prob-
ability for a galaxy to be involved in a major merger
per Gyr. Thus, Rmg ∝ fpair/Tmg, where the merger
timescale, Tmg, must be assumed to calculate the merger
rate. Here, we first assume the same merger timescale
as Xu et al. (2012), which they arrived at by combin-
ing the simulation results of Kitzbichler & White (2008)
with those of Lotz et al. (2010). The final form of the
merger timescale is:
Tmg = 0.3Gyr×
(
Mstar
1010.7M⊙
)−0.3 (
1 +
z
8
)
. (3)
To use this equation we must assume a conver-
sion factor to go from K−band luminosity to stellar
mass. Xu et al. (2012) assume Mstars/LK = 0.54 (for
a Chabrier initial mass function). A detailed compari-
son of their results with our 2MASS K < 15.36 sample
indicates a conversion factor of Mstars/LK ≈ 0.63 (0.2
dex), which we use to convert our measured K−band lu-
minosities to stellar masses equivalent to those used by
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Fig. 11.— (a) Pair fraction for major mergers with primary
galaxies in the luminosity range 10.8 < Log10(LK) < 11.2 as a
function of redshift. Colored squares show results from this study.
Red triangles show the results using a stellar mass selection in the
RCS1 sample that matches the number density in the UKIDSS
sample. Orange diamonds show the results from Robotham et al.
(2014). Gray circles show the results of Xu et al. (2012). Error
bars in all cases include statistical errors plus an estimate of the
systematic due to cosmic variance. Fits are shown assuming the
pair fraction evolution may be parameterized as fpair ∝ (1 + z)
m.
The dash-triple-dot line shows the result of Xu et al. (2012), with
m = 2.1. The dashed line shows the result of m = 0.7 ± 0.1 com-
bining our low-redshift data with the RCS1 pair sample, and the
results of Robotham et al. (2014). (b) The inverse of the merger
rate (Γ = 1/Rmg), showing the typical time between major merger
events for a galaxy, as a function of redshift. The fits are the same
shown in panel (a), now converted to Γ. The dashed line shows the
result from this study using the conversion from pair fraction to
merger rate shown in Equations 3 and 4 (assuming all pairs merge).
The dash-dot line shows our result if we assume a merger timescale
of 0.5 Gyr, and that only 50% of pairs merge.
Xu et al. (2012). This equation yields a merger timescale
of Tmg ≈ 0.3 Gyr for galaxies at M ∼M∗. The differen-
tial merger rate is then
Rmg = A× fpair/Tmg, (4)
where A = 1.19 to convert from a minimum mass ratio
of 1/3 used in the simulations, to that of 1/100.4 used
here (see Xu et al. 2012 for details). Here we are assum-
ing all pairs eventually merge.
In Figure 9b, we show the merger rate (assuming the
above conversions from pair fraction to merger rate) as
a function of K−band luminosity for the various sam-
Fig. 12.— Sample variance estimate for the pair fraction evolu-
tion using the RCS1 data. Each set of colored triangles and cor-
responding solid line represents a pair fraction evolution measure-
ment in four redshift bins of equal volume covering 0.25 < z < 0.8
over one COSMOS-sized subfield of 1.7 deg2 in the RCS1. In
each RCS1 bin we choose a stellar mass range (0.4 dex wide) that
matches the number density of the UKIDSS sample at low redshift.
We combine these measurements with the low-redshift KPAIR re-
sult and fit the evolution assuming fpair ∝ (1 + z)
m to investigate
cosmic variance in the RCS1 results. We made this measurement
over 20 separate subfields, but here we only show four examples to
display the range of m values obtained (min, max, and two mid-
range results are shown). For KPAIR + RCS1 we find an average
value for the exponent of m = 1.64 ± 0.5. The filled circles and
dash-triple-dot line shows the m = 2.1± 0.3 result from KPAIR +
CPAIR from Xu et al. (2012). We note that the individual RCS1
fields show evolution ranging from steeper than CPAIR (m = 2.7)
to much flatter (m = 0.5).
ples considered in the pair fraction studies. In Fig-
ure 11b, we show the inverse of the differential merger
rate (Γ = 1/Rmg) evolution as a function of redshift
for the samples considered in this study as well as those
from Xu et al. (2012) and Robotham et al. (2014). This
then shows how the typical time between merger events
evolves for a galaxy.
Again the dash-triple-dot line shows the evolution de-
rived by Xu et al. (2012), and the dashed line shows the
evolution inferred from our low-redshift sample combined
with RCS1 and the results of Robotham et al. (2014).
Similar to the pair fraction results, we find a less dra-
matic evolution in the merger rate than that implied by
KPAIR + CPAIR. However, in terms of integrated merg-
ers per galaxy since z = 1, we find a very similar result
to that of Xu et al. (2012), of ∼ 0.8 major mergers per
galaxy since z = 1.
However, the merger timescale for L ∼ L∗ galaxies de-
rived using equation 3 is ∼ 0.3 Gyr, which, according
to recent work comparing simulations and local galaxy
mergers, is probably close to the lower limit on the ma-
jor merger timescale for galaxies meeting our selection
criteria (Privon et al. 2013). Furthermore, the assump-
tion that 100% of pairs merge is most certainly an upper
limit. Thus, the dashed and dash-triple-dot lines in Fig-
ure 11b effectively represent lower limits on the actual
time between major mergers.
For comparison, we also include in Figure 11b, an
estimate of the time between major mergers assum-
ing the merger timescale is slightly longer (0.5 Gyr up
from ∼ 0.3 Gyr) and that only 50% of pairs eventually
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merge. The dash-dot line shows this result and empha-
sizes the strong dependence of the inferred merger his-
tory of galaxies on these parameters. In the case of these
more conservative assumptions, a typical galaxy would
only undergo ∼ 0.2 major mergers since z = 1.
Many studies from the literature of the merger rate
evolution present a figure comparing the pair fraction or
merger rate evolution as determined by studies using a
variety of methods, or apply some conversion factors in
order to combine results from different studies obtained
using different methods to estimate evolution. Here, we
only make a direct comparison between studies that have
been done using very similar selection criteria. In the
following section, we present a discussion of comparable
studies in the context of this work.
4.7. Discussion
In the previous sections, we have shown that even
studies using very similar selection criteria can arrive at
rather different results when it comes to an estimation of
the pair fraction of major mergers at any given redshift.
A meaningful comparison between studies becomes more
difficult when the results are derived using different se-
lections and methods, but here we discuss some recent
studies which are related or comparable to this work.
Lo´pez-Sanjuan et al. (2012) studied stellar-mass-
selected major-merger pairs (M∗ > 1011, 10 < rsep <
30 h−1 kpc, mass ratio limit 1/4) in the COSMOS
field. They further separate their sample into early
and late-type galaxies (ETG/LTG). They find that
the evolution of the LTG pair fraction is much steeper
(m = 4) than that of ETGs (m = 1.8). This is in
relative agreement with the trends found in other
studies that separate ETG/LTG, or red/blue galaxies
(Lin et al. 2008; de Ravel et al. 2009; Bundy et al. 2009;
Chou et al. 2011; Lo´pez-Sanjuan et al. 2011). Extrapo-
lating to higher redshift, this result would appear to be
in rough agreement with the relatively high pair fraction
(∼ 20%) among gas-rich galaxies (i.e., LTGs) found
by Lo´pez-Sanjuan et al. (2013), although, again, these
studies feature rather different selection criteria.
However, Lo´pez-Sanjuan et al. (2012) also find that
the fraction of ETG mergers is roughly twice that of
LTG mergers, and their measured trends seem to indi-
cate nearly all major mergers between massive galaxies
at z = 0 should be between ETGs. This would seem
to be in contradiction to the results of Kartaltepe et al.
(2007), who (also studying pairs in the COSMOS field)
state that the vast majority of merging systems at all
redshifts in their sample are star-forming disk galaxies
(down to z = 0.2), or Chou et al. (2012), who find “red-
red” mergers are nearly absent in their sample at z ∼ 0.5.
In addition, De Propris et al. (2010) find that dry merg-
ers do not contribute significantly to the buildup of the
red sequence at z < 0.7. While we do not attempt to
quantify ETG/LTG fractions here, we can say that LTG
major mergers are still a substantial fraction of the pop-
ulation of stellar-mass-selected major mergers at z ∼ 0.1
(both via visual inspection and comparison with the GZ
catalogues).
de Ravel et al. (2009) find evidence that the pair frac-
tion evolution depends on stellar mass (or luminosity)
of the selected pairs, with a steeper evolution for lower
stellar mass (or luminosity) galaxies. This is consistent
with the results presented by Hsieh et al. (2008) using
the RCS1 sample. de Ravel et al. (2011) find that stellar
mass, rather than luminosity, is the better indicator of
a galaxy’s merger history. The highest stellar mass bin
from de Ravel et al. (2009) (Log10(M∗) > 10.5) is clos-
est to that of our own study (10.6 < Log10(M∗) < 11)
and they find an evolution with m = 0.51± 2.01, consis-
tent (because of the large error bars) with essentially all
results presented in this study.
De Propris et al. (2007) determine a similar pair frac-
tion at z ∼ 0.1 to that found in our study (∼ 2%), al-
beit with quite different selection criteria (−21 < MB <
−18, rsep < 20 h−1 kpc, and no mass ratio constraint).
Interestingly, they find essentially the same fraction by
counting merger remnants identified by asymmetry, sug-
gesting the timescale for post-merger asymmetry is simi-
lar to that of a rsep < 20 h
−1 kpc pair (and perhaps sug-
gesting their asymmetry merger fraction is a quantity
directly comparable to our own pair fraction measured
here). Combining their results with the higher redshift
analysis of Lin et al. (2004), they find a relatively flat
evolution of the merger rate with m ≈ 1, a value closer
the result we get combining our own low-redshift results
with RCS1.
De Propris et al. (2005) use the same velocity and pro-
jected separation criteria as we have used here combined
with a B−band luminosity selection. They find the num-
ber of companions per galaxy Nc = 0.0174± 0.0015 and
Nc = 0.0357 ± 0.0027 for the luminosity selections of
−22 < MB < −19, 〈z〉 = 0.126 and −21 < MB <
−18, 〈z〉 = 0.126, respectively. These estimates could
both be considered in agreement with our low-redshift
samples given the considerations of cosmic variance de-
tailed above.
Patton & Atfield (2008) find Nc = 0.021 ± 0.001
in the SDSS for a sample selected by 5 < rsep <
20 h−1 kpc, ∆V < 500 km s−1, − 22 < Mr < −18,
and 1:2 luminosity ratio. Applying the same criteria
to a sample selected from the Millennium simulation
(Springel et al. 2005), the find Nc = 0.0183 ± 0.0001.
While the selection criteria are somewhat different, these
values are both in relative agreement with our results for
L∗ galaxies in our low-redshift sample.
Bundy et al. (2009) study stellar-mass-selected pairs
at redshifts of 0.4 < z < 1.4 over two fields totaling ∼ 320
arcmin2, and find that the pair fraction evolves with an
exponent of m = 1.6 ± 1.6. They conclude that major
mergers alone cannot fully account for the buildup of
spheroidal galaxies since z = 1. Finding a steeper evolu-
tion (though still consistent with Bundy et al. 2009), and
with the assumption of a particular galaxy stellar mass
function, Xu et al. (2012) contradict this result and con-
clude that major mergers are sufficient to account for the
buildup of red quiescent galaxies and ellipticals. They
note that much of this discrepancy may be attributed to
a factor of two difference in the assumed merger timescale
in these two studies.
Robotham et al. (2014) have recently published their
pair fraction measurements from the GAMA survey.
Their data are drawn from three large equatorial fields
totaling ∼ 144 deg2 with very high spectroscopic com-
pleteness to R = 19.8. These represent, by far, the most
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robust measurements of the pair fraction in the range
0.1 < z < 0.2. In a companion paper, De Propris et al.
(2014) studied the characteristics of the GAMA merger
sample in luminosity selected pairs to quantify the color,
morphology, environment, and nuclear activity of merger
candidates.
Robotham et al. (2014) combined their measurement
of the pair fraction from the GAMA sample with other
results from the literature at z < 1 and derived an expo-
nent of m = 1.53 ± 0.08. However, it appears (in their
Figure 15) that the measured evolution is made steeper
by some of the low-redshift results from the literature
(including KPAIR), and on the high-redshift end, the
exponent gets pushed further up due, in large part, to
the study from Kartaltepe et al. (2007). Combining the
results of Robotham et al. (2014) with our own results
from 2MASS, UKIDSS, GAMA, and RCS1, we derive an
exponent of m = 0.7± 0.1. Our results are in such good
agreement that, in fact, the exponent on the fit changes
insignificantly whether or not we include the results from
Robotham et al. (2014).
Thus, studies of major mergers at low-redshifts (z <
0.2) appear to be converging on a consistent result, while
studies focused on constraining the evolution of the ma-
jor merger rates of galaxies out to z = 1 have yet to come
to a consensus. Lotz et al. (2011) show that some of the
discrepancies between studies can be accounted for once
consistent assumptions for the merger timescale, as well
as consistent sample selection and merger rate definitions
are imposed.
We believe the UKIDSS sample presented here repre-
sents the best current estimate of the low-redshift pair
fraction, and that, when combined with the RCS1 sam-
ple, provides the best current estimate of the pair frac-
tion evolution out to z = 0.8. With the assumption of
different merger timescales and percentage of pairs that
eventually merge, our results imply that L∗ galaxies have
undergone ∼ 0.2− 0.8 major mergers since z = 1.
5. SUMMARY
Here we have considered a large sample of close galaxy
pairs effectively stellar-mass-selected in the K−band
from UKIDSS and 2MASS photometry. Combining these
NIR photometry catalogues with available spectroscopic
redshifts, we construct the largest complete spectroscopic
sample to date of stellar mass selected galaxy pairs at rel-
atively low redshifts. Our pair sample is drawn from both
wide and deep surveys, allowing us to investigate the
close pair fraction and merger rates over a wider range
in stellar mass than was possible in previous spectroscop-
ically complete studies.
We find the pair fraction among major merger candi-
date galaxies to be flat as a function of stellar mass at
z ∼ 0, in contrast to results in the local group, which
found a higher pair fraction among low mass galaxies.
We investigate the incidence of pairs in a wider range of
mass ratio (pairs separated by less than 3 magnitudes
in brightness) and place a lower limit on the fraction of
dwarf galaxies (108 − 109.5 M⊙) in such pairs of ∼ 2%.
We demonstrate that the low-redshift z ∼ 0.1 pair frac-
tion is ∼ 50% higher than indicated by previous studies.
This result is due mainly to higher spectroscopic com-
pleteness and higher quality photometry from UKIDSS.
We combine our low-redshift sample with a stellar-
mass-selected sample from the RCS1 to measure the evo-
lution of the pair fraction and merger rate for L ∼ L∗
galaxies at z < 0.8. Assuming the pair fraction evolu-
tion may be parameterized as fpair ∝ (1 + z)m, we find
m = 0.7 ± 0.1, which constitutes a much flatter evolu-
tion than found in many other studies. If the timescale
for mergers is ∼ 0.3 − 0.5 Gyr, and 50 − 100% of pairs
eventually merge, this implies the typical L∗ galaxy has
undergone ∼ 0.2− 0.8 major mergers since z = 1.
We study the sample variance systematics in the pair
fraction measurement in detail and conclude that ap-
parent discrepancies between the different low-redshift
samples in this study can be attributed to a combina-
tion of statistical errors and cosmic variance, and that
the UKIDSS sample should be the most robust estimate
at fpair(z ∼ 0.1) ≈ 2 ± 0.2%. The combination of the
UKIDSS measurement with our RCS1 pair fraction esti-
mates, and recent results published by the GAMA survey
team, provide for a robust characterization of the pair
fraction evolution to z = 0.8.
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